Abstract A functionalized polystyrene nanofiber (PSNF) immobilized b-galactosidase assembly (PSNF-Gal) was synthesized as a nanobiocatalyst aiming to enhance the biocatalyst stability and functional ability. The PSNF fabricated by electrospinning was functionalized through a chemical oxidation method for enzyme binding. The bioengineering performance of the enzyme carriers was further evaluated for bioconversion of lactose to galactooligosaccharides (GOS). The modified PSNF-Gal demonstrated distinguished performances to preserve the same activity as the free b-galactosidase at the optimum pH of 7.0, and to enhance the enzyme stability of PSNF-Gal in an alkaline condition up to pH 10. The PSNF assembly demonstrated improved thermal stability from 37 to 60°C. The nanobiocatalyst was able to retain 30 % of its initial activity after ninth operation cycles comparing to four cycles with the unmodified counterpart. In contrast with free b-galactosidase, the modified PSNF-Gal enhanced the GOS yield from 14 to 28 %. These findings show the chemically modified PSNF-based nanobiocatalyst may be pertinent for various enzyme-catalysed bioprocessing applications.
Introduction
The employment of enzyme on support matrix promises biocatalyst recovery and recyclability. Immobilization allows a continuous operation which is beneficial in reducing the operating cost, making them economically viable for large-scale processes. The enzyme immobilization technology has been recognized to shield enzymes against denaturing microenvironments [1] . However, enzymes often encounter activity reduction upon immobilization associated with enzyme conformation changes [2] . There is a great demand to explore new technology for fabricating enzyme carriers. The establishment of the most suitable immobilization protocol is also highly pursued [3] . Nanobiocatalyst, prepared by assembling enzyme on nanomaterial carriers, is an emerging innovation which provides large surface area for high enzyme loading. Their surface is also modifiable to promise advantages in improving enzyme stability, capability, and engineering performances. There have been many reported studies on enhancing enzyme activity and stability associated with nanobiocatalysts. Misson et al. [4] described the enzyme enhancement occurs through the stabilization of active conformation that facilitates substrate-enzyme interfacial reactions, while free enzyme has a freedom in the conformation change. It is evidenced by the stabilization of reactive sites of lipase leading to an activity enhancement as reported by Chen et al. [5] and Palomo et al. [6] . Asuri et al. [7] reported that single-walled nanotubes could shelter enzymes and promote higher stability in comparison to flat graphite. The thermal stability of immobilized cellulases on nanoparticles was obtained by stabilizing the binding forces in the presence of the carbodiimide crosslinker [8] .
Nanostructured fibres as enzyme immobilizers provide exciting opportunities for the development of enzyme-driven bioreactor systems for bioengineering processes. The nanostructured fibres are attributed to their specific surface characteristics, discrete nanostructures and self-assembling behaviours [4] . Nanofibers also offer intrinsic advantages including high porosity and interconnectivity which promote low hindrance for mass transfer. The modification of nanofiber surface with strong oxidizing agents is favourable for protein adsorption [9] . The pre-treatment with HNO 3 have been proven to create oxygen-containing reactive groups of carboxyl (COOH) and hydroxyl (OH), which are essential for biomolecule binding [10] . Such modification has successfully assembled dehydrogenase as a functional biocatalyst [11] . Despite the optimal immobilization has been extensively studied [3] , preservation and stabilization of immobilized enzymes in a bioreactor system remains a key challenge. It therefore impedes the translation of these bench-scale technologies into commercial practices.
In this present study, we demonstrated the enhancement of enzyme stability by immobilizing b-galactosidase on acid-modified PSNF. The PSNF was modified through a specially determined chemical oxidation to facilitate enzyme binding. The performance of PSNF-Gal assembly was evaluated with regard to the adsorption capability, enzyme stability and recyclability and benchmarked with the non-modified PSNF. Lastly, their engineering performance was investigated in lactose bioconversion, which abundantly presents in dairy waste industries, into valuable products particularly galacto-oligosaccharides (GOS).
Materials and methods

Chemicals
Polystyrene (molecular weight 350,000), N,N-dimethylformamide (DMF), nitric acid (HNO 3 ), and sulphuric acid (H 2 SO 4 ) were analytical grades without further purification. Bovine serum albumin (BSA), Kluyveromyces lactis b-galactosidase, O-nitrophenyl-b-D-glactopyranoside (ONPG), Coomassie Brilliant Blue G-250 and calcium carbonate (Ca 2 CO 3 ) were obtained from Sigma-Aldrich. Potassium phosphate buffer (PBS, pH 7.2) were procured from Life Technologies.
Preparation of nanofibrous polystyrene by electrospinning
The precursor for electrospinning was prepared by dissolving polystyrene (20 w/v) in DMF with gentle stirring for overnight to form a homogenous solution. The resultant solution was placed inside a 5-ml syringe bearing a 1-mm inner-diameter needle tip which was connected to a high voltage power supply. The electrospun nanofibers were cast onto a metal-surface collector with a distance of about 10 cm from the needle tip. The flow rate was fixed at 2.5 ml/h while the electrospinning was performed at a voltage range of 25 kV. The polystyrene nanofibers (PSNF) were detached from the collector surface and stored at room temperature for further use.
Enzyme immobilization on nanofibers
The surface of PSNF was modified through surface oxidation to introduce functional groups [10] . Approximately 1 cm 9 2.5 cm piece of nanofibers sheet were immersed in HNO 3 (69 %) for 2 h at room temperature [11] . The modified support was rinsed with water and PBS (pH 7.2) for three times to remove excess acids. b-galactosidase immobilization were carried out by submerging the PSNF into b-galactosidase (2 mg/ml) solution in PBS and gently mixed overnight at 4°C by agitation. The enzyme-bound nanofibers were separated from the reaction medium using forceps. Finally, the nanofibers were rinsed thoroughly with water to remove free b-galactosidase. The supernatant and washing solution were collected to measure the concentration of non-adsorbed proteins.
Synthesis of galacto-oligosaccharides
Lactose (100-400 g/l) solution was prepared by dissolving lactose into PBS (pH 7.2) at 60°C. Free or immobilized enzymes were added after the solution cooled down to 37°C. The mixtures were incubated at 37°C in an orbital shaker at 200 rpm. Samples were drawn after 2 h reaction and then immediately heated in boiling water for 5 min to inactivate enzymes [12, 13] . Samples were filtered using 0.45-lm nylon filters and diluted 40 times prior to highperformance liquid chromatography (HPLC) analysis.
Chemical analysis
The enzyme concentration was assayed by the Bradford reagent, prepared by mixing 100 mg Coomassie Brilliant Blue G-250 in 50 ml of 95 % ethanol, 100 ml of 85 % phosphoric acid and diluting the solution with water to a final volume of 1 l with gentle mixing [14] . A total of 100 ll sample was added into 5 ml of Bradford reagent, mixed homogenously and allowed to react within 2 min-1 h. Afterwards, the sample was measured using a UV spectrophotometer (Shimadzu, Japan) at 595 nm. Protein concentration was determined from a calibration curve using BSA as a standard. The adsorption yield (%) of the immobilized enzyme was calculated using Eq. (1), where P i is the initial protein content of enzyme solution before immobilization, P w and P s are the amount of protein in washed solution and supernatant [15] Adsorption yield
Saccharides (lactose, glucose, galactose, GOS) were determined by HPLC (Agilent, Germany) using an Aminex HPX-87H column (300 9 7.8 mm). The flow rate of a predegassed 8 mmol/L-H 2 SO 4 mobile phase was set at 0.5 ml min -1 . A total of 5 ll samples were injected and the saccharides were detected with a refractive index detector. The column and the detector cell were maintained at 60 and 40°C, respectively [16] . The concentration of total GOS was calculated by the mass balance difference between the initial lactose feed and the total concentration of remaining lactose, glucose and galactose measured at the end of the reaction [17] . The lactose conversion (%) and GOS yield (%) were calculated using Eq. (2) Lactose conversion
Enzymatic activity assays
The activity assays of free and immobilized b-galactosidase using 2 mg/ml concentration were measured according to the procedure described by Ansari and Husain [18] . The reaction mixture containing 0.1 ml of enzyme solution, 1.7 ml of phosphate buffer (pH 7.2) and 0.2 ml of 20 mM ONPG were incubated with continuous agitation at 37°C for 10 min. The reaction was stopped by adding 2 ml of 1 M sodium carbonate. The liberated product was measured spectrophotometrically at 405 nm and the concentration was calculated from the O-nitrophenol standard curve. One unit (1 U) of b-galactosidase is defined as the amount of enzyme which liberates 1 lmol of O-nitrophenol per min under standard assay condition.
Effect of pH and temperature of immobilized enzyme
The enzyme activity of free and immobilized b-galactosidase on the modified and unmodified PSNF (2 mg/ml) was assayed in PBS buffers at different pHs from 4 to 11. Samples were withdrawn and the residual enzyme activity assay was determined, by defining the activity at pH 7 as a control (100 %) for the calculation of other assay conditions. The temperature during agitation was varied from 4 to 70°C to study the thermal stability of the enzyme. The activity of enzyme activity incubated at 37°C was set as 100 % relative activity for each of their respective reactions.
Reusability
Reusability of the immobilized b-galactosidase on modified and unmodified PSNF was assessed in hydrolysing the ONPG substrate using PBS buffer (pH 7) at 37°C. After each cycle, immobilized enzyme was separated from supernatant and washed with water for three times. In the next cycle, fresh ONPG was introduced to the immobilized enzyme under same assay conditions. The activity determined at the first cycle was considered as control and attributed to a relative activity of 100 % for the determination of remaining activity after repeated uses. Each cycle is defined here as the complete hydrolysis of substrate present in a reaction mixture.
Statistical analysis
Data were collected in triplicates and analszed using the statistical tool in MS Excel 2010. Each value corresponds to the mean of experimental data with an average standard deviation was \5 %.
Results and discussion
Immobilization of b-galactosidase Nanofibers were fabricated from an electrospinning system which can generate various sized fibrous mats, from nanometers to a few micrometres [19] [20] [21] . The synthesis was carried out in the presence of electric field charges to create a repulsive force to the polymer, in which, fibres were generated when the force overcomes the surface tension [22] . Surface modification with strong oxidizing agents was favourable for protein adsorption [9] [10] [11] . Figure 1 shows the profiles of adsorption capacity of the surface-modified PSNF-Gal. Non-modified PSNF-Gal also was employed under similar operating conditions as a comparative study. It can be seen that the maximum isothermal adsorption was reached within 2 h immobilization time in both cases. The least adsorption capacity was observed for the case of unmodified PSNF, yielding maximum adsorption merely about 50 mg/g which represents approximately 20 % of adsorption yield.
The characterization of the modified and unmodified PSNF has been carried out in our previous report by scanning electron microscope (SEM) for surface morphology, and the functional groups have been identified using Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy (RS) [11] . The acid-modified nanofibers have been found to contain oxygen-containing reactive groups of carboxyl (COOH) and hydroxyl (OH) for enzyme binding [10] . The enzyme itself possesses amino (-NH 2 ), carboxylate (-COOH), thiol (-SH) and hydroxyl (-OH) groups which can react with the generated functional groups from nanofibers [4] . As a such, the force for binding interaction, as a consequence of the acid modification, could be hydrogen bonding, electrostatic force and some hydrophobic interaction [23] . It is noted that the modified PSNF-Gal exhibited adsorption profiles of nearly 100 mg/g capacity, signifying about 60 % of immobilization yield. The results denote that the surface modification promotes stronger forces of protein binding and leads to a remarkable increase in the adsorption yield. In contrast, the binding of protein on the surface without modification occurs usually through weak binding such as hydrophobic interactions or van der Waals forces [24] . Figure 2 demonstrates the effect of pH on the activity of free b-galactosidase and PSNF-Gal. The maximal enzyme activity was found to be at a neutral pH in all cases study. The origin of enzymes generally influences the optimum pH condition of b-galactosidase. This finding was in agreement with the result reported by Güleç [25] who also used enzyme from Kluyveromyces lactis. Ansari et al. [26] reported that the highest activity for Aspergillus oryzae b-galactosidase occurred at pH 4.5. At a highly acidic (below pH of 5) or basic pH (above pH of 11), b-galactosidase suffered complete loss of enzymatic activity probably due to alteration or distortion of its conformation structure [27] . The unmodified PSNF-Gal demonstrated 50 % as its highest activity at the determined optimum condition. It might be associated with the above-mentioned lower adsorption yield and weaker enzyme binding. It is interesting to note that the modified PSNF-Gal showed 100 % activity at the similar operating condition. In addition, it exhibited a comparable performance with the soluble enzyme up to a neutral pH (pH 7). Beyond that pH level, the PSNF-Gal had a superior performance by extending the enzyme stability up to pH of 10. The bgalactosidase on the unmodified PSNF also exhibited a noticeable activity enhancement in an alkaline condition comparing with the free counterpart. It signified the enzyme supports have sheltered or stabilized enzyme in the extreme pH environment. Figure 3 illustrates the enzyme activity profiles of free and immobilized b-galactosidase at various reaction temperatures. The temperature at 37°C was found as the optimal condition in all trials. Interestingly, the modified PSNF-Gal broadened the enzyme stability up to 60°C. The modified PSNF-Gal continued to retain about 60 % of its residual activity, while the free b-galactosidase has nearly lost its activity. Meanwhile, the unmodified PSNF exhibited 40 % activity at such a level of heat. At higher temperatures, the enzyme polypeptide chains may rupture, which leads to loss of enzyme activities. The interactions between the polypeptide chains and polymer matrix can maintain the polypeptide chain structure; therefore, the thermal stability is enhanced. Ansari et al. [26] found that the ruptures led to Fig. 2 Enzyme activity profiles of free-Gal, modified PSNF-Gal and unmodified PSNF-Gal at various pH conditions, while keeping at 37°C with 2 mg/ml enzyme concentration. The activity of free enzyme (2.08 U/mg) at pH 7 was selected as a control (100 %) enzyme molecules denaturation and consequently loss of its activity. Immobilization of Aspergillus oryzae b-galactosidase on zinc oxide nanoparticles also demonstrated the broadening optimal temperatures from 50 to 60°C [28] .
Effect of pH
Effect of temperature
Reusability
High cost and instability of enzymes in the reactor are the limitations in translating a lab-scale enzyme-catalyzed bioreactor system into a large-scale bioprocess. The overall process appears economically viable if the catalytic reaction is in high efficiency and reusability. We conducted a number of bench-scale trials to assess the reusability of PSNF-Gal assembly for conversion of lactose to GOS. The reusable potential of the immobilized enzyme provides promising advantages over free enzyme. The recyclability of modified and unmodified PSNF-Gal is shown in Fig. 4 . The first cycle of reaction was considered as a control to measure the remaining activity of enzyme in subsequent cycles. The process of introducing fresh substrate to the immobilized enzyme was repeated until their activity decays. The modified PSNF-Gal retained the remaining 30 % of its initial activity after nine cycles comparing with only four cycles when using the non-modified PSNF-Gal. The strong binding of b-galactosidase which is driven by electrostatic and hydrogen bonding might be the probable cause for better recyclability. In general, the enzyme activity of the modified PSNF-Gal was observed to decrease gradually after several repeated uses. Such decreasing pattern of activity was consistent with reported studies. Previous reports showed nanobiocatalysts recyclability lasted for about seven [29] and six cycles [30] with the remaining activity was 20 and 35 %, while employment of enzymes on the Au-doped magnetic silica nanoparticles demonstrated reuse for four times [31] . Hence, these findings in our experiments imply the potential application of the modified PSNF-Gal for continuous operation in a large reactor system.
Production of galacto-oligosaccharides
The performance of the PSNF-Gal in converting lactose into GOS was further investigated. Hydrolysis and transgalactosylation reactions are two catalytic pathways of bgalactosidase in lactose bioconversion. Initially, b-galactosidase-galactose complexes are formed after the biocatalyst attacks lactose molecules before entering hydrolysis or transgalactosylation pathways. Hydrolysis takes place when water acts a galactosyl acceptor, yielding glucose and galactose as products, while galacto-oligosaccharide is formed through transgalactosylation process when nucleophilic molecules succeed in competing for the water activity [32, 33] . Therefore, the products in the reaction medium of lactose bioconversion possibly contain glucose, galactose, GOS and the remaining lactose. Figure 5 displays the profiles of product distributions in lactose bioconversion by free and immobilized b-galactosidase. Glucose was found to be the major product in free enzyme reaction. The soluble b-galactosidase consistently yielded nearly 50 % of glucose at all tested lactose concentration (Fig. 5a) .The galactose yield, however, decreased rapidly from 50 to 10 % when the lactose concentration increased. It was found that both of the immobilized enzymes produced much lower glucose than the free enzyme. In general, the yield of glucose was below 20 % (Fig. 5b, c) . The GOS yield, on the other hand, Fig. 3 Enzyme activity profiles of free-Gal, modified PSNF-Gal and unmodified PSNF-Gal at various reaction temperatures, while keeping at 37°C with 2 mg/ml enzyme concentration. The activity of free enzyme (2.14 U/mg) at 37°C was selected as a control (100 %) Fig. 4 Recyclability of the modified PSNF-Gal and unmodified PSNF-Gal. The activity determined at the first cycle (0.24 U/mg and 0.27 U/mg, respectively) was considered as a control (100 %). (Operation conditions: at 37°C with 2 mg/ml enzyme concentration in pH 7) increased correspondingly to the lactose concentration in all cases.
Lactose can be converted into glucose and galactose via hydrolysis reaction by the enzyme, while lactose can also react with galactose to form GOS via transgalactosylation using the same enzyme. The immobilized enzyme is more favourable for transgalactosylation than hydrolysis in comparison with free enzyme. This also further explains why the glucose yield by the free enzyme was two times higher than PSNF-Gal in Fig. 5 . Transgalactosylation preferable in PSNF-Gal is also supported by the lower concentration of galactose than glucose. Figure 6 shows the effect of lactose concentration on the conversion and GOS yield by free b-galactosidase and PSNF-Gal. The free b-galactosidase demonstrated complete biconversion at a lower lactose concentration (50-100 g/l) while approximately 73-86 % of bioconversion at a higher concentration (200-400 g/l) (Fig. 6a) . The bioconversion of the modified and unmodified PSNFGal was determined to be roughly 30-40 % at all tested concentrations, about twofold lower than the free counterpart. Nevertheless, despite lower bioconversion, the PSNF-Gal assembly exhibited greater GOS synthesis profiles. While there was almost unnoticeable GOS at a lower lactose concentration by the free b-galactosidase, the modified PSNF-Gal demonstrated a total of 16 % GOS and nearly doubled the yield at the highest lactose concentration (28 %). A gradual increase in GOS production from 4 to 16 % was also observed by the unmodified PSNF-Gal. For the free enzyme, lactose hydrolysis is the prevailing reaction, especially in the lower concentrations (0-200 g/l), which yields glucose as the major product. It explains a higher conversion rate of lactose but a lower concentration of GOS. At 400 g/l lactose concentration, GOS are produced due to more interactions between galactose and lactose. The transgalactosylation is also supported by the sharp decrease in galactose concentration in Fig. 5a . At 400 g/l initial lactose concentration, PSNF-Gal has enhanced the GOS yield up to 28 % comparing with the highest yield by free b-galactosidase (19 %). The hydrophobic nature of PSNF might potentially repel water from the enzyme active sites, thus reducing the water-driven activity of hydrolysis and ultimately facilitates the reaction to GOS synthesis.
It is also noted that lactose can also be re-produced from glucose and galactose via transgalactosylation in PSNF-Gal and free enzyme. However, lactose from galactose and glucose via transgalactosylation in free enzyme is less than that in immobilized enzyme. Therefore, the conversion rate of lactose in free enzyme is around two times higher than immobilized enzyme, while the GOS yield in immobilized enzyme is only around 10 % higher than that in free enzyme.
In summary, a higher lactose concentration results in a greater yield of GOS. The PSNF-Gal is superior to the free counterpart in the GOS synthesis. The employment of bgalactosidase on modified PSNF was preferable than the unmodified PSNF owing to its greater productivity in addition to its recyclability (Fig. 4) . By benchmarking the findings with previously reported studies as tabulated in Table 1 , it indicates the modified nanobiocatalyst shows comparable or even greater bioconversion and productivity.
Conclusions
A successful immobilization of b-galactosidase on the acid-modified PSNF was demonstrated. The PSNF-Gal nanobiocatalyst assembly exhibited considerable enhancement in enzymatic and metabolic activities at a basic condition and the thermal stability up to 60°C, signifying Fig. 6 Effect of initial lactose concentration on, a lactose conversion and b GOS yield by free-Gal, modified PSNF-Gal and unmodified PSNF-Gal. Filled square modified PSNFGal, square unmodified PSNFGal, dots free-Gal. (Operation conditions: at 37°C with 2 mg/ ml enzyme concentration in pH 7) Bacillus circulans -400 g/l 41 (w/v) 50 - [32] distinguished enzyme stabilizations in the denaturing environments. The surface modification of the nanostructured polymer fibres might have facilitated stable enzyme binding resulting in greater biocatalyst recyclability. Our findings demonstrated the PSNF-Gal doubled the GOS yield comparing using free enzyme, which is of importance for bioengineering process. The highest GOS (28 %) was obtained at 400 g/l lactose. With considerable activity enhancement, recyclability and productivity, the PSNF-Gal was proven as economical and robust biocatalyst for continuous bioprocessing applications.
